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The understanding of the inﬂuence of toxic elements on root anatomy and element distribution is still
limited. This study describes anatomical responses, metal accumulation and element distribution of
rooted cuttings of Salix caprea after exposure to Cd and/or Zn. Differences in the development of apo-
plastic barriers and tissue organization in roots between two distinct S. caprea isolates with divergent Cd
uptake and accumulation capacities in leaves might reﬂect an adaptive predisposition based on different
natural origins. Energy-dispersive X-ray spectroscopy (EDX) revealed that Cd and Zn interfered with the
distribution of elements in a tissue- and isolate-speciﬁc manner. Zinc, Ca, Mg, Na and Si were enriched in
the peripheral bark, K and S in the phloem and Cd in both vascular tissues. Si levels were lower in the
superior Cd translocator. Since the cuttings originated from stocks isolated from polluted and unpolluted
sites we probably uncovered different strategies against toxic elements.
 2011 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Various pollutants, including toxic metals, are present in soils
throughout the world. This phenomenon is common on soils
which have developed on naturally enriched rock substrates.
Another source of soil pollution can be attributed to human activi-
ties, including mining, metal and ore processing, and industrial and
agricultural activities (Padmavathiamma and Li, 2007). During
recent years efforts have been made to rehabilitate contaminated
sites. Phytoremediation activities have been carried out on some
polluted sites. Several plant species have been identiﬁed that extract,
tolerate and/or hyperaccumulate pollutants from soils in their
above-ground tissues (Shah and Nongkynrih, 2007; Verbruggen
et al., 2009; Rascio and Navari-Izzo, 2011). The accumulation of
metals and the ﬁnal concentration in tissues often exceed one
hundred-times the concentration of common plant species (Maestri
et al., 2010). Major disadvantages of these species (e.g. Thlaspi caer-
ulescens, Arabidopsis halleri) are their slow growth, low biomass
production and short life cycle. Therefore, researchers over theworld.-T. Hauser).
-NC-ND license.are interested in how to make the process of phytoextraction
more effective (Zhao and McGrath, 2009). One of the possible
solutions is the utilization of fast growing woody plant species
with high biomass production and high genetic variability (Pulford
and Watson, 2003). Several studies about different woody species
have been published in recent years dealing with their uptake,
translocation and accumulation capacity, as well as tolerance to
various metals. Trees from the Salicaceae family, especially the
genera Salix and Populus, might be suitable candidates for these
purposes (e.g. Greger and Landberg, 1999; Sebastiani et al., 2004;
Vyslouzilová et al., 2006; Dos Santos Utmazian and Wenzel, 2007;
Unterbrunner et al., 2007; Wieshammer et al., 2007; Jensen et al.,
2009; Vollenweider et al., 2011). Besides the metal extraction, Salix
caprea represents a suitable candidate for remediation because of
fast colonization of mineral substrates, high biomass production and
landscape restoration.
Variability in the uptake capacity of several elements has
been reported between populations or clones of the same species,
sometimes originating from different environmental conditions.
Metallicolous and non-metallicolous populations of the heavy metal
tolerant plant T. caerulescens have shown different responses to soil
Cd and Zn contamination (Escarré et al., 2000; Lombi et al., 2000;
Jiménez-Ambriz et al., 2007; Dechamps et al., 2007). Similarly,
Zacchini et al. (2009) compared characteristics important for
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mulation of Cd in poplar hybrids (Populus x canadensis, P. x deltoides,
P. x generosa, P. x nigra, P. x alba, P. x trichocarpa) and willow (S. alba)
clones. Their results show that willows have a higher Cd tolerance
than poplars. A similar study was published by Dos Santos Utmazian
and Wenzel (2007) on six different willows (S. babylonica, S. caprea,
S. dasyclados, S. matsudana x alba, S. purpurea, S. smithiana) and two
poplar species (Populus tremula, P. nigra) and discovered that
S. smithiana leaves accumulated the highest Cd concentration.
Differences in the tolerance and accumulation capacity of Cd, Cu and
Zn between clones of ﬁve Salix species (S. viminalis, S. dasyclados,
S. daphnoides, S. purpurea and S. triandra) grown in metal polluted
and unpolluted areas were compared by Landberg and Greger
(1996). Clones from polluted areas accumulated more metals in
roots while the transport to shoots was decreased when compared
with clones from unpolluted areas. However, these authors found
no difference in the concentration of metals in stems between these
two groups of Salix species.
Puschenreiter et al. (2010) analyzed 170 S. caprea isolates of four
metal polluted and three uncontaminated middle European sites
to reveal potential selective effects of long-term heavy metal
contaminations on the genetic structure and Zn/Cd accumulation
capacity. They found differentiation of metallicolous and non-
metallicolous S. caprea populations based on phenotypic charac-
teristics and nuclear microsatellite (SSR) markers (Puschenreiter
et al., 2010).
The root is the ﬁrst plant part to encounter soil heavy metal
pollution; therefore the molecular uptake mechanisms at the
rootesoil interface are the subject of intensive study in hyper-
accumulating species (Lombi et al., 2000; Hanikenne et al., 2008;
Verbruggen et al., 2009). Concerning the uptake and translocation
of heavy metals, there is very limited knowledge about their rela-
tion to root tissue organization and development in the woody
plants used for phytoremediation. Lux et al. (2004) described
differences in the anatomy and apoplastic barrier development of
adventitious roots of willows (S. viminalis, S. viminalis x schwerinii,
S. daphnoides) with contrasting characteristics of Cd accumulation
and Cd sensitivity. They show that both the Casparian strips and
suberin lamellae developedmore distantly from root tips in high Cd
than in low accumulating and translocating cuttings. However, the
inﬂuence of Cd and/or Zn on the development of root tissues of
genetically distinct S. caprea plants with different Zn and Cd
translocation capabilities has not been evaluated (Puschenreiter
et al., 2010). Therefore the present study focuses on anatomical
differences and metal accumulation of root tissues of cuttings from
S. caprea plants originating from polluted and uncontaminated
areas. The development of apoplastic barriers affecting radial
transport of elements across the root (Casparian strips and suberin
lamellae), changes in tissue proportions, and metal localization
within root tissues were compared. The aim of this work was to get
a better understanding of the involvement of root tissues in the
uptake, translocation and accumulation of Cd and Zn in a woody
species promising for phytoextraction, S. caprea.
2. Materials and methods
2.1. Origin of the plant material
All experiments were performed with two genetically distinct S. caprea isolates
which differed in the ability to tolerate and accumulate Zn and Cd in above-ground
tissues in perlite cultures. The term “isolate” refers to an individual plant collected in
a speciﬁc area as part of a group of 20e25 individuals representing the population at
this site (Puschenreiter et al., 2010). Isolate KH21 originated from an old mining area
(Kutná Hora, Czech Republic); it was formerly characterized as accumulating high
amounts of Zn and Cd. Isolate F20 originated from a non-polluted control area
(Forchtenstein, Austria); it accumulated less Zn and Cd than KH21 but had a higher
biomass production in perlite-based hydroponics (Puschenreiter et al., 2010). Allcuttings of both S. caprea isolates used in our experiments were obtained from
a stock cutting cultivated in non-polluted control soil at the AGES (Vienna, Austria).
2.2. Cultivation of plant material
Green cuttings of approx. 10 cm length were rooted in a mixture of perlite and
coarse sand (20:80) in a greenhouse (AGES and BOKU, Vienna, Austria). Rooting was
initiated in tap water for 60 days at 24/18 C day/night, a 12 h photoperiod, 60%
relative humidity and 200 mM m2 s1 PAR.
For the effect of Zn and Cd exposure on root anatomy and the distribution of
minerals in root tissues, each pre-rooted cutting with new shoot of 15e20 cm length
and 2e 5 adventitious roots of an average total length of 250 mmwas transferred to
1 L pots ﬁlled with pure perlite. The plants were watered twice a week with
a nutrient solution containing (in mM) 1000 Ca(NO3)2, 500Mg(SO4)2, 50 KH2PO4,100
KCl, 5 H3BO3, 0.2 H24Mo7N6O24, 10 MnSO4, 2.5 CuSO4, 0.25 NiSO4, 2.5 ZnSO4 and 50
Fe (III)-EDDHA (ethylenediamine-di(o-hydroxyphenylacetic acid)). Solution pH was
adjusted to 6.0 with 1 mM MES as potassium salt (Shen et al., 1997). Four different
treatments were used: 1) Standard nutrient solution, 2) Nutrient solution with
0.5 mg Cd/l in the form of CdNO34 H2O (Cd), 3) Nutrient solution with 5 mg/l Zn in
the form of ZnSO47 H2O (Zn), and 4) Nutrient solution with 0.5 mg Cd/l and 5 mg/l
Zn (Cd þ Zn). Six pots with one plant in each were prepared per treatment. Plants
were cultivated for 14 weeks.
For the analysis of the development of Casparian strips and suberin lamellae,
rooted cuttings were transferred to 0.5 L pots and watered twice a week for three
months with the solutions described above. Six pots with one plant in each were
prepared per treatment. Plants for apoplastic barrier analysis were cultivated for 6
weeks.
2.3. Quantiﬁcation of Zn and Cd
For the analysis of Zn and Cd concentration in below- and above-ground tissues,
plant material was divided into roots, shoots and leaves and washed with distilled
water before drying at 80 C. After recording the DW, samples were ground in
a metal-free mill (IKA eWerke, MF 10) and digested in a mixture of HNO3 (puriss.
p. a., SigmaeAldrich, Austria) and HClO4 (puriss. p. a., SigmaeAldrich, Austria)
(4:1, v/v) using an automated heating block (Digester DK 42/26, Velp Scientiﬁca,
Milano, Italy). Zinc and Cd concentrations were measured with a ﬂame atomic
absorption spectrometer (AAS, Perkin Elmer 2100). For quality assurance, six
biological replicate samples, blanks and standardized reference materials were
included in all analyses.
2.4. Quantiﬁcation of root tissues
To determine if anatomical changes of the main root tissues correlate with the
different origin and metal translocation behavior of the two S. caprea isolates, the
areas of different tissues were quantiﬁed on transverse roots sections at a distance of
1.2e1.5 cm from the apex. Root cells at this distance are already developed and well
differentiated and this part of the root mostly contributes to the uptake of elements.
The root segments were ﬁxed in 2% glutaraldehyde and 0.2% osmium tetroxide. After
dehydration with ethanol the samples were embedded in Spurr resin (Serva).
Approximately 2 mm thick semi-thin sections were prepared on microtome Microm
HM36 and stained with toluidine blue and basic fuchsine according to Lux (1981).
Sections from eight different roots were analyzed with a Zeiss Axioskop
2þ microscope (Zeiss, Germany), equipped with Olympus DP72 camera. The tissue
areas (total root area, area of the central cylinder, area of xylem elements) were
analyzed with the image analysis software Lucia G 4.80 (LIM, Czech Republic).
2.5. Analysis of the development of apoplastic barriers
To determine the developmental point where Casparian strips and suberin
lamellae start to differentiate in roots, and if the developmental program of Cas-
parian strips and suberin lamellae differentiation varies between isolates from an
unpolluted (F20) and a heavy metal polluted site (KH21), six different roots from
each isolate and each treatment were stained with ﬂuorescent dyes for Casparian
strips and suberin lamellae visualization.
Free hand sections were made at regular distances from the apex to the base of
the root (in 1 mm distance for the ﬁrst 10 mm from the root apex and later in 1 cm
distance for the rest of the root). Casparian strips were visualized by staining with
0.2% Berberine hemisulphate and post-staining with 0.1% toluidine blue. Suberin
lamellae were stained with 0.2% Fluorol Yellow 088 according to Brundrett et al.
(1991) and Lux et al. (2005). All sections were observed with a Zeiss Axioskop 2þ
epiﬂuorescence microscope (Zeiss, Germany).
2.6. SEM coupled with X-ray analysis
Approximately 2 mm long root segments were cut from the basal part of roots
and immediately frozen in liquid nitrogen according to Markhart and Läuchli (1982)
and McCully et al. (2010). The frozen segments were freeze-dried in a vacuum
freeze dryer. Dried segments were coated with carbon and ﬁxed on aluminum stubs
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carbon; sputter coating was stopped as soon as the carbon ﬁlm showed a golden to
bluish color, resulting in a uniform thickness of the coating (approx. 60 nm). Cross
sections of root tissues and the distribution of eight elements (Zn, Cd, Ca, K, S, Si, Mg,
Na) were observed and analyzed with the Phillips XL 20 scanning electron micro-
scope equipped with an EDX analyzer. All samples were observed at 1.200
magniﬁcation at 30 kV, working distance 12.0 mm. Data were collected for 100 live
seconds and areas of 50  50 mm were analyzed. As uneven surfaces may heavily
distort EDX measurements (Goldstein, 2003), only ﬂat parts of the samples were
selected for analysis.
The element distribution was analyzed from three different roots of each
treatment. In total, 24 different roots were investigated bymeasuring thirty different
spots on each root. Raw data were processed with the Genesis Spectrum 5.11 (EDAX,
USA) and all the values are expressed as weight% of total analyzed elements. Zinc
and Cd were selected because of the main interest of this paper and the other
investigated elements share chemical and physical similarities with Zn and Cd or are
important macro- and micronutrients and beneﬁcial elements.
2.7. Statistical analysis
Signiﬁcances according to Student’s T-tests and Pearson correlations were
calculated using the Statgraphics (Statgraphics Centurion XV v. 15.2.05, StatPoint,
Inc.) and Excel (Microsoft Ofﬁce 2003) programs. A p-value <0.05 was deﬁned as
signiﬁcant. The principal component analysis was performed in Simca-P 11 (Ume-
trics, Umeå, Sweden) on log-transformed weight% data of all analyzed elements (Zn,
Cd, Ca, K, S, Si, Mg, Na). Loadings plots are based on a correlation matrix, scores
scatter plots on a covariancematrix. Ellipses in scores scatter plots represent the 95%
conﬁdence interval according to Hotelling’s T2 distribution. Data points outside the
ellipses represent outliers.
All experiments have been performed on six biological replicates/clones with an
adequate number of repetitions (see above) for statistical analysis.
3. Results
3.1. Zn and Cd accumulation varied between roots and shoots
Leaves accumulated considerably more Zn than roots in both
isolates. This was observed in Zn and also in the combined Cd þ Zn
treatment (Fig. 1a). However, the differences between the isolates
were not signiﬁcant. Similarly, the Zn concentration was not
different in leaves and roots of both isolates when grown in control
conditions or excess Cd (Fig. 1a). The Cd concentration was higher in
roots than in leaves. No signiﬁcant differences were found between
the Cd concentrations in roots of the isolates. However, signiﬁcantly
more Cdwas detected in leaves of isolate KH21 from the polluted site
compared to isolate F20 from the control site. The same tendency
was observed when plants were treated with both metals (Cd þ Zn)
together, but the difference was not signiﬁcant (Fig. 1b).a b
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Fig. 1. Zinc (a) and Cadmium (b) concentration (mg kg1) in roots and leaves of the two S. cap
with either supplemented 0.5 mg l1 Cd (Cd) or 5 mg l1 Zn (Zn) or both metals (Cd þ Zn).
Twelve roots of six biological replicates of each isolate were evaluated.3.2. The development of Casparian strips and suberin lamellae
varied between S. caprea isolates
In order to determine the developmental point where the
Casparian strips (Fig. 2a,c) and suberin lamellae (Fig. 2b,d) start
to differentiate, the exo- and endodermis of roots were stained
with ﬂuorescent dyes.
In the roots of both isolates Casparian strips developed in the
exodermis as well as in the endodermis. A striking difference
between isolates F20 and KH21 could be detected in the Casparian
strips development already in control conditions (Fig. 2e,f;
Table S1); in F20, the Casparian strips differentiated ﬁrst in the
endodermis and later in the exodermis. In contrast, the Casparian
strip development in KH21 followed an opposite pattern in these
two tissues and differentiated ﬁrst in the exodermis and later in the
endodermis. Another difference was in the starting point of the
Casparian strip development from the root apex; in F20 the zone of
exo- and endodermal Casparian strip development was between
2.5 and 3.5 mm from the root apex while in KH21 this distance was
shorter, between 1.0 and 2.0 mm from the root apex (Fig. 2e,f).
The formation of Casparian strips in the exodermis and endo-
dermis of roots after exposure to Zn or/and Cd also varied between
the isolates; while the Casparian strips differentiated in the exo-
and endodermis closer to the apex in F20 roots exposed to Zn or
Cd, this was not the case in KH21. Exposure to Zn or Cd, as well as
the combined treatment, had the same effect indicating that
the development of apoplastic barriers relates to the presence of
these metals. The unresponsiveness of KH21 could indicate a limit
in the root apex beyond which the differentiation cannot take
place.
Similar to the Casparian strips, the suberin lamellae developed
differently in exo- and endodermis of the two isolates. For both
isolates, the suberin lamellae form earlier in the exodermis than in
the endodermis. However, the distance of suberin lamellae devel-
opment from the root apex was different between the two isolates.
While the exodermal suberin lamellae of F20 started approximately
15 mm from the apex, the distance was only 10 mm in KH21. The
endodermal suberin lamellae were detectable 30 mm from the root
apex in F20 under control conditions, while in KH21 the distance
was only 15 mm (Fig. 2g,h).
Upon heavy metal exposure the exodermal suberin lamellae
started at around 10 mm from the root apex in both isolates.
Metal treatment affected the development of the endodermalroots leaves 
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rea isolates (KH21 and F20) cultivated for 14 weeks in standard nutrient solution (C) or
Data are means  SE. Different letters indicate signiﬁcant differences between isolates.
Fig. 2. Development of apoplastic barriers in roots. Fully developed Casparian strips (blue dots marked with white arrows) in the exodermis (a) and endodermis (c) stained
with Berberine hemisulphate, and suberin lamellae (white or yellow-framed cells) in the exodermis (b) and endodermis (d) of S. caprea roots stained with Fluorol yellow
088. Some passage cells in the endodermis (non stained cells marked with white arrows) that are oriented opposite to the xylem poles (blue) can be still observed (d).
Abbreviations: rh e rhizodermis, ex e exodermis. Bars, 50 mm. Schemes of the development of Casparian strips (e,f, green lines) and suberin lamellae (g,h, red lines) in exo- and
endodermis of the root of S. caprea isolates F20 (e,g) and KH21 (f,h). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
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While for F20 the onset of endodermal suberin lamellae differ-
entiation shifted towards the root apex in roots exposed to heavy
metals, in KH21 the onset of endodermal suberin lamellae
development was at about 25 mm and shifted further from the
apex in roots exposed to heavy metals. Interestingly, the same
effects were observed in Zn, Cd, and the combined treatment
(Fig. 2g,h).3.3. Root anatomy differed between S. caprea isolates and upon
heavy metal exposure
To determine if anatomical changes of the main root tissues
correlate with the different origin and metal translocation behavior
of the two S. caprea isolates, the areas of different tissues were
quantiﬁed on transverse roots sections. The total areas of the root
(Fig. 3a), vascular bundles (Fig. 3b) and xylem elements (Fig. 3c)
Fig. 3. Representative semi-thin cross section of a S. caprea root approx. 1.5 cm from the apex fromwhich the quantitative anatomical measurements were made; the total root area
(a), the area of vascular bundles (b), and area of xylem elements in vascular bundles (c). Red lines bound the measured areas. Black frame on (a) indicates the area of the root which
is shown in (c). Bars, 100 mm. S. caprea isolates KH21 and F20 were cultivated for 14 weeks in standard nutrient solution (C), and in solution containing Cd, Zn or both metals
(Cd þ Zn). Data are means  SE. Eight biological replicates for each treatment were evaluated. Small and capital letters indicate signiﬁcant differences among the treatments in
KH21 and F20, respectively, and asterisks indicate signiﬁcant differences between the isolates in the same treatment. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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tions, indicating that all tissues contribute to the thicker roots of
F20. While in F20 a signiﬁcant decrease was evident for the total
root area, the area of vascular bundles and the area of xylem
elements after metal exposure, only the total area of KH21 roots
decreased in the Zn and Cd þ Zn treatments (Fig. 3a). The area of
the vascular bundles remained constant while the area of xylem
elements slightly increased with Zn or Cd treatment, but decreased
if Zn and Cd were offered together (Fig. 3b,c).
3.4. Elemental distribution in different root tissues
Roots analyzed by EDX had already undergone secondary
thickening. Three different zones could be clearly distinguished:
the central part of the root consists of secondary xylem (Fig. 4a, X)
and is surrounded by secondary phloem (Fig. 4a, P). The outer part
of the root, here called outer bark or rhytidome (Fig. 4a, B), is highly
heterogeneous and includes secondary (periderm) and primary
vascular bundles, the endodermis, the primary cortex and the
exodermis. Cells of this zone were collapsed and apparently dead.The distribution of Zn, Cd, Ca, K, S, Si, Mg and Na in this zone was
analyzed by EDX (Fig. 4b, Table S2).
To determine which parameter (tissues, treatment and/or
isolate) affected the variation in the EDX data most, the weight%
values were subjected to a principal component analysis (PCA) with
all elements as variables. The analysis revealed three signiﬁcant
principal components (PCs) (Fig. 5). The ﬁrst principal component
(PC1) (45.5% of the total variance) was interpreted as “respon-
siveness to metal treatment”. All investigated elements correlated
with this axis (Fig. 5a), indicating that the element distributionwas
severely altered by metal treatments. The second PC explains 20.8%
of the total variance. The main descriptors of PC2 are Cd and Si,
correlating oppositely with this axis (Fig. 5a). This corresponds to
the lower Cd translocation capacity of F20 (Fig. 1b) along with its
generally higher Si weight% compared to KH21 (Fig. 7) Thus this
axis represents “isolate speciﬁcity”. The third PC, contributing 11.5%
of the total variance, was most inﬂuenced by Zn (Fig. 5b). It
represents the “tissue-speciﬁc element accumulation”. The scores
scatter plots show that tissue-speciﬁc clusters form along all three
PCs (Fig. 6aec). PC3 is able to separate the effects of the Cd from the
Fig. 4. Cross section of a secondary thickened root of S. caprea in SEM. Representative EDX spectrum from the peripheral zone of the root showing the characteristic peaks of Zn, Cd,
Ca, K, S, Si, Mg and Na. Abbreviations: X, secondary xylem; P, secondary phloem; B, peripheral zone or bark of the root. Bar, 100 mm.
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plot also shows that the Cd treatment largely overlaps with the
xylem while the Zn treatment correlates with the bark values and
the Cd/Zn treatment with the phloem (Fig. 6c,f). To visualize
isolate-speciﬁc clusters, KH21 and F20 were differently labeled
(Fig. 6gei; Fig. S1aef). In this way a weak separation can be visu-
alized in the Zn and Cd þ Zn treatment of plot PC1/PC2. This
separation is best noticeable in PC2 (Fig. 6d,f,g; Fig. S1d,f).
PCA of all measured elements revealed a grouping in treatment-,
isolate- and tissue-speciﬁc clusters. But since the PCA cannot
visualize the effect of the individual elements, we analyzed their
weight% distribution relative to the tissues and the isolates sepa-
rately (Fig. 7). As already noticeable in the PCA the weight% of Zn
was highest in the peripheral bark zone in both isolates. However,
an isolate-speciﬁc response was revealed since KH21 had less
weight% of Zn in the combined treatment while F20 had an
increased Zn weight%.
Cd had a slightly higher weight% in the xylem tissues except in
F20 upon the combined Zn þ Cd treatment where the Cd weight%
was increased in peripheral bark zone. This different pattern of the
Cd distribution is consistent with the ﬁnding that the isolate from
the unpolluted site (F20) accumulated less Cd in the above-ground
tissues (Fig. 1).a
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Fig. 5. Correlation-scaled loadings plots showing the inﬂuence of the measured variables (e
are represented by arrows in planes with the ﬁrst three signiﬁcant PCs as coordinates. The a
the PC, thus its inﬂuence on the PC. The circle represents the maximum, a correlation coefFor calcium (Ca), a descending trend was observed from the
peripheral bark zone towards the xylem in both isolates. However,
the isolates differed with a higher weight% distribution in F20 upon
Cd exposure and a dramatic increase in the peripheral bark zone for
F20 upon the combined treatment with Zn þ Cd. Pearson correla-
tion analyses showed that the distribution of Ca and Zn is positively
correlated and stronger for Zn uptake in F20 than in KH21 isolate
(Fig. S2aed). Addition of Cd even increased this correlation in root
tissues of F20 (Fig. S2d). In KH21 the Zn/Ca correlation is lost in the
presence of Cd (Fig. S2b).
The magnesium (Mg) weight% distributions had a tendency of
descending from the peripheral bark zone to the xylem in KH21
while in F20 this tendency was not detectable in Zn treatment.
A similar general gradient was detected for sodium (Na) but the
weight% levels were different between the isolates for the Zn and
the Cd treatment (Fig. 7). The weight% of potassium (K) was
generally highest in the secondary phloem and was increased upon
Cd treatment in both isolates and in F20 upon Cd þ Zn treatment
(Fig. 7). Furthermore, a positive correlation existed between K and
Cd but not Zn (Fig. S2e,f).
In both isolates the silicon (Si) weight% was highest in the
peripheral bark zone (Fig. 7), but with a clear difference between
the isolates. Upon Cd or Zn treatment the values of Si were higher in-1.0
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of Cd þ Zn together.
Sulfur (S) distribution was elevated in the phloem and most
prominent in KH21 upon Zn treatment. While for most treatments
and in both isolates S was higher in the peripheral bark zone than in
the xylem, this tendency was exaggerated in F20 upon Zn þ Cd and
shifted upon Zn treatment (Fig. 7).
In summary, the analyses of the individual elements in different
tissues and isolates showed that their distributions are altered
upon Cd, Zn and Cd þ Zn treatment in most cases in an isolate-
speciﬁc manner.
4. Discussion
To better understand uptake and accumulation of elements into
shoots, knowledge of root anatomy and physiology is essential.
Elements are transported radially from the rhizodermis through
the apoplast or symplast across the cortex to the xylem and the
shoot. Uptake is controlled by apoplastic barriers in the endo- and
exodermis (White, 2001; Ma and Peterson, 2003; Baxter et al.,
2009; Schreiber, 2010). First, a mixture of lignin and suberin is
deposited into the radial and transversal cell walls (Casparian
strips), which is usually followed by lamellar suberin deposition on
the inner surface of exo- and endodermal cell walls (suberin
lamellae) and, in some species, also by secondary thickening of the
walls (Von Guttenberg, 1968). The development of these apoplastic
barriers is variable and often differs between plant species andenvironmental conditions (Zimmerman and Steudle, 1998; Seago
et al., 1999; Enstone and Peterson, 2005; Redjala et al., 2011).
We observed that the initiation of the Casparian strip and
suberin lamellae formation varied between two S. caprea
isolates originating from different environments. The KH21
isolate, collected from metal polluted soil and previously charac-
terized by high Cd and Zn accumulation capacities (Puschenreiter
et al., 2010), develops Casparian strips and suberin lamellae closer
to the root apex compared to the genetically distinct F20 isolate
which originated from unpolluted soil and showed phenotypic
differences to KH21. Furthermore, F20 ﬁrst developed Casparian
strips in endodermis and later in exodermis, oppositely to KH21.
Suberin lamellae developed ﬁrst in exodermis and later in endo-
dermis in both isolates. Similarly, differences in the development
of apoplastic barriers between isolates of S. viminalis differing in
metal tolerance and accumulation were also observed by Lux et al.
(2004). Therefore we propose that apoplastic barrier development
is an adaptive trait and can vary between different isolates of the
same species.
Similarly, we have observed that anatomical reactions to heavy
metal exposure differed between isolates. In F20, exposure to Cd,
Zn or Cdþ Zn resulted in earlier development of both barriers while
the development in KH21 was not inﬂuenced by metal exposure.
The behavior of F20 is consistent with several studies showing that
roots exposed to Cd develop earlier apoplastic barriers (Schreiber
et al., 1999; Martinka and Lux, 2004; Zelko and Lux, 2004;
Vaculík et al., 2009). Accelerated apoplastic barrier development
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Karahara et al., 2004). Thus the typical reaction is to minimize the
uptake of pollutants by developing the exo- and endodermis closer
to the root apex. This is consistent with the ﬁnding that the
concentration of Cd in leaves was lower in F20 than in KH21. On the
other hand, delayed development of the endodermal suberin
lamellae of KH21 upon exposure to heavy metals could be the
reason of the higher accumulation capacity of Cd in shoots.
However, the understanding of the delay in apoplastic barriers
development after metal stress in isolate KH21 originating from
metal polluted soil remains still poorly understood.Changes in root tissue areas might also be the consequence of
continuous exposure to metal polluted soils. Lux et al. (2004)
showed that willow clones characterized by high tolerance to Cd
had a higher proportion of epi-, exo- and endodermal tissues when
compared with the sensitive clones, which had a higher proportion
of mid-cortex. We found that KH21 produced thinner roots with
a smaller area of vascular bundles and xylem elements when
compared with F20. However, when the same isolates were
exposed to elevatedmetal concentrations, the reaction of roots was
different. In roots of F20 the total area and areas of central cylinder
and xylem elements decreased in comparison to control conditions.
M. Vaculík et al. / Environmental Pollution 163 (2012) 117e126 125This was not, or to a lesser extent, detectable in KH21. We suppose
that the differences in the root anatomy of the Salix isolates treated
with metals reﬂect an adaptive predisposition and depend on the
different natural origins.
Cd-induced differences in the proportions of speciﬁc root tissues
(rhizodermisecortexevascular bundles) or in the size and shape of
individual cells have been reviewed recently by Lux et al. (2011).
Described syndromes of Cd toxicity on roots are a decrease of root
number, length and dry mass as well as enlargement of the root
diameter. Lunácková et al. (2003) reported that roots of S. alba and
Populus x euramericana became shorter and thicker upon Cd
treatment. Similarly, Maksimovic et al. (2007) observed increased
root diameter of maize seedlings after Cd application. However, the
reactions of root tissues to Cd mostly differ among plant species
and used Cd concentrations (e.g. Lux et al., 2011). Conversely, Cd, Zn
and Cd þ Zn treatment in our experiments decreased the total area
of the S. caprea roots in F20. The total root area of KH21 was
unaffected when Cd was applied, although after Zn and Zn þ Cd
application the total area of root decreased. Similar to our ﬁndings
Vázquez et al. (1992) reported that the root diameter of bean
(Phaseolus vulgaris) remained unaffected, although the number of
cortical parenchyma cells decreased when Cd was applied. Also
Florijn et al. (1993) did not ﬁnd any changes in the root diameter,
length or surface area in two different maize inbred lines exposed
to Cd. A decrease of the root diameter was noticed by Gratão et al.
(2009) after Cd application to the tomato cultivar Micro-Tom.
We expected that unresponsiveness of KH21 tissues to elevated
Cd concentration probably related with higher Cd accumulation
capacity. This pattern of root tissue development probably dis-
appeared when plants were exposed to Zn or Cd þ Zn.
There is little knowledge on the inﬂuence of Zn on root tissue
proportions. Rosolem et al. (2005) found that the total area of the
root, the diameter of the vascular bundles, the number of xylem
strands and the area they occupied in stele were higher in coffee
plants grown without Zn in the medium than in plants exposed to
Zn. A similar decrease of tissue areas after Zn application was
observed in our experiments in F20 while KH21 differed only in the
total root area.
Balanced Zn concentration and distribution is essential for
optimal growth and function of metabolic processes (Broadley
et al., 2007). Similar to ﬁndings of Di Baccio et al. (2009) for
poplar, MacFarlane and Burchett (2000) for gray mangrove and
Brunner et al. (2008) for spruce exposed to elevated Zn, in our
experiments most of the Zn accumulated in the peripheral tissues
of the secondary thickened root. Therefore we assume that the
peripheral bark zone of secondary thickened roots serves as an
effective barrier for radial Zn transport to vascular bundles.
Freeze drying of the samples prevented leakage of elements
during ﬁxation, allowing us to detect tissue-speciﬁc distribution of
elements with low abundance such as Cd (Fig. 4b). In contrast to Zn,
most of the Cd was detected in the xylem in both isolates treated
with Cd. However, when bothmetals Cdþ Znwere applied to KH21,
no signiﬁcant differences in the Cd distribution between the
peripheral zone and vascular bundles were observed. In contrast,
Coccoza et al. (2008) found that in poplar roots exposed to higher
doses of Cd this element accumulated predominantly in cells
surrounding the central cylinder. Nevertheless, in the combined
Cd þ Zn treatment, double values of Cd in each investigated tissue
of F20were detected when compared with KH21. Together with the
observations that the Cd weight% in KH21 tissues is lower as in F20
(Table S2) we assume that KH21 is more efﬁciently translocating Cd
to the shoot, especially when excess of Zn is present. These differ-
ences in Cd localizationwithin root tissues probably relate with the
uptake and translocation of Cd and Zn, and might reﬂect the situ-
ation on the site of KH21’s origin in natural conditions, which isadapted to a soil containing up to 84mg total Cd kg1 and 8.6 g total
Zn kg1 (Puschenreiter et al., 2010).
The levels of Zn and Ca are positively correlated in both isolates
when treated with excess Zn. In the combined Cd þ Zn treatment,
this correlation is lost only in KH21. Cadmium is among others
transported into the root via Ca uptake and translocation pathways
(Lux et al., 2011). KH21 accumulates more Cd in the shoot than F20,
therefore it is possible that higher amounts of Cd are taken up via
Ca transport mechanisms. Cadmium competes with Ca uptake,
which might explain the lower Ca concentration in the combined
Zn þ Cd treatment. Furthermore, a positive correlation exists
between K and Cd, but not Zn, distribution in root tissues. It was
recently found that K supplement alleviated Cd toxicity in soybean
(Shamsi et al., 2010), which might be also one possible tolerance
mechanism in S. caprea.
Silicon repressed root-to-shoot translocation of Cd in Brassica
chinensis and increased Cd tolerance (Song et al., 2009). Consistently,
F20, which translocates less Cd into shoots, accumulates signiﬁcantly
more Si than KH21 in all root tissues. Proposed mechanisms which
reduce translocation to the shoot are Si co-precipitationwith Cd and
Zn in roots or physical blockage of metal ﬂow across cell walls
(Neumann and zur Nieden, 2001; Shi et al., 2005). We suggest that
low Si weight% in KH21 roots allows higher shoot Cd uptake.
5. Conclusion
EDX analyses show that Cd and Zn interfere differently with the
element uptake systems in S. caprea, and that for some elements
this effect is isolate-speciﬁc. Variation in the organization of root
tissues, development of apoplastic barriers and the distribution
pattern of Zn and Cd and other elements in S. caprea isolates
originating from polluted and unpolluted sites support the
hypothesis that these features are results of environmental adap-
tation. Understanding the molecular basis of these adaptive traits
might help to increase the tolerance and heavy metal accumulation
capacities of S. caprea for phytoremediation technologies.
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